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Abstract  
In the present paper, a new physically explicit theory of tyre standing waves has been developed. The 
theory is based on a tensioned beam model of a tyre. Simple analytical expressions have been derived for 
the amplitudes and shapes of generated waves and for the most important parameter characterising the 
phenomenon of tyre standing waves – the vehicle critical speed beyond which the standing waves occur. 
The main conceptual idea of this new theory is that generation of tyre standing waves is of the same 
physical nature as generation of Mach waves in acoustics, Cherenkov waves in optics, water waves from 
moving ships, and bow waves from high-speed trains in railway tracks, not mentioning the others. The 
performance of the theory is examined by varying the tyre parameters and by comparing the results, where 
possible, to other similar work. The obtained predictions show that the developed theory explains and 
predicts the phenomenon of tyre standing waves surprisingly well, given its simplicity and the uncertainty 
in the tyre parameters used in calculations.  
 
 
1 Introduction  
 
The phenomenon of standing waves in tyres occurs at high speeds, when a vehicle speed exceeds a certain 
‘critical velocity’. Then quite intensive flexural waves travelling around the circumference of the tyre 
emerge from the trailing edge of the contact patch. To the observer these waves in the tyre appear to be 
stationary, but they are in fact travelling around the tyre at the same speed as the rotation of the tire. This 
is why these waves are often referred to in the literature, not quite correctly, as ‘standing waves in tyres’. 
Since this term is already well established, we will use it as well.  
The large displacements of the tyre surface due to the generated standing waves introduce a large amount 
of energy into the tyre material, which can lead to a quick tyre failure or at the very least can severely 
affect the handling of the vehicle. Since the phenomenon of standing waves is usually observed at high 
vehicle speeds, clearly aircraft tyres, race car tyres and to a lesser extent passenger car tyres are likely to 
experience it. Note that manufactured tyres normally have a speed rating to indicate the experimentally 
established maximum vehicle speeds below which they can be used safely. However, the real vehicle 
speeds at which the standing waves occur can be substantially lower due to poor maintenance of the tyre 
and/or due to its under-inflation as well as because of other conditions, such as the load on the tyre.  
The phenomenon of tyre standing waves has been studied since the 1950s [1,2], and a useful review of 
early experimental and theoretical works (published before 1970) can be found in the paper of Ames [3]. 
Starting from the work of Turner [2], there have been many attempts of theoretical modelling of this 
phenomenon (see also [3] and references therein). However, for the sake of simplicity, in most of the early 
works the authors did not consider the phenomenon of standing waves in tyres as wave generation 
problem, but rather argued from a wave travel viewpoint. The common approach was to employ 
differential equations for free wave propagation in different simplified models, usually membrane models, 
and to use the fact that in the case of emergence of a stationary wave all time derivatives in the equations 
have to be zero. As a result, one can obtain an algebraic equation whose roots give an expression for a 
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critical vehicle speed at which standing waves occur. Although this approach can be useful in predicting 
critical vehicle speeds, it is quite unsatisfactory and incomplete as it does not describe generated 
waveforms or the effect of tyre load.  
More recently, Chatterjee et al [4] undertook model experiments using a counter-rotating drum to 
investigate the behaviour of a small-scale balloon tyre inflated to several different pressures. Although the 
balloon tyres used are not much relevant to real automotive tyres, they were convenient to measure 
generated waveforms at several different angular velocities and to observe the formation of standing 
waves.  
The authors of the paper [4] also give a theoretical interpretation of their experimental results. However, 
the theoretical part in [4] is rather controversial. In particular, the authors describe a balloon tyre by a one-
dimensional beam-string model that does not fit naturally to an essentially two-dimensional geometry of 
this configuration (there is no tyre belts in balloon tyres). Also, they consider the contact boundary 
problem in their model. As a result, the model becomes overly complicated, having mixed boundary 
conditions, and requires numerical solution. Apparently, all these complications and inconsistencies 
influenced the authors’ interpretation of the phenomenon of tyre standing waves, which they associate 
specifically with the nonlinear contact problem. In particular, the authors claim that the properties of tyre 
standing waves “are determined solely by the lift-off conditions at the trailing contact edge along with the 
roots of the characteristic equation” [4].  
With the advancement of computer technology and finite element techniques it has become possible to 
create sufficiently accurate numerical models capable to describe this phenomenon rather well (see e.g. 
[5,6]). However, there is a question as to how useful the numerical results would be without understanding 
the physical mechanisms responsible for generation of tyre standing waves and their behaviour at different 
values of tyre parameters. To achieve such understanding the authors of papers describing different 
numerical approaches are forced to resort to analytical or semi-analytical theories anyway, and it is 
important what theories they choose to find an adequate interpretation of their results. For example, the 
authors of [6] have been clearly influenced by the controversial interpretation given in the above-
mentioned paper of Chatterjee et al [4]. In particular, they write in their paper [6] that “according to the 
analytical analysis of the nonlinear steady-state dynamic rolling of the balloon tire model, they [Chatterjee 
et al] found that the standing wave forms physically when the time scale of the tire rotation is shorter than 
one of the transient vibrations excited by the contact forces, and the behavior of the standing wave is 
strongly influenced by the boundary conditions at the trailing contact edge”.  
Another well-known theoretical approach to the phenomenon of tyre standing waves is the so-called 
resonance approach [7, 8]. This approach is based on the inherent periodicity of a tyre, in particular if a 
tyre belt is modelled as a thin ring and the side walls are modelled as an elastic foundation. Taking this 
periodicity into account, Padovan [7] has developed a theory that has given a resonance interpretation of 
the phenomenon of tyre standing waves. He has included viscoelasticity into his ring model as well as 
Coriolis effect. One of the results of his work shows that at the critical speed without damping the tyre 
response is completely symmetrical about the contact patch. Increasing the level of damping, however, 
moves the wave or retards the response to behind the contact patch. Another positive result is the fact that 
the waves attenuate quite significantly before reaching the leading edge of the contact patch, just as they 
do in real tyres. Soedel [8] applied the modal expansion approach to a ring model and also used a 
resonance approach.  
Note that the above-mentioned resonance approach is good enough at predicting the critical speed for 
standing wave generation. However, several aspects of this approach do not conform naturally to the 
experimental observations. Indeed, if not to take into account vibration energy losses in the tyre, then the 
increase in vehicle speed above critical, according to the modal resonance approach, would result in 
discrete (resonance) changes in the waveforms of standing waves, which is not confirmed by experimental 
observations. However, as was mentioned above, the inclusion of energy losses improves the situation 
(see [7]), describing a rather smooth evolution of standing wave forms at vehicle speeds that are above the 
critical speed.  
Referring to the above-mentioned resonance approach, we believe that it is not paramount and the 
phenomenon of tyre standing waves is not a resonance phenomenon by nature, although its description in 
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terms of tyre resonant vibration modes is possible (as the papers [7, 8] show). But this resonant description 
has not more of significance than a modal approach to sound propagation between two points in a large 
room, where acoustic resonances associated with neighbouring modes of the room overlap with each other 
due to the presence of acoustic dissipation and thus do not reveal themselves. It is well known therefore 
that using a much simpler free field approach to sound propagation in large rooms gives the same result as 
a modal approach. Thus, using the resonance approach [7, 8] to describe tyre standing waves brings 
unnecessary complications to the theory and masks the real physics of the phenomenon. Moreover, this 
approach seems to be misleading as it states that the emergence of tyre standing waves is a resonance 
phenomenon, which it is not. This makes the theories developed in papers [7, 8] not much helpful for 
understanding the physics of the phenomenon and not very convenient for practical use.   
In addition to the above-mentioned papers directly concerned with standing waves in tyres, there are many 
investigations dealing with different aspects of tyre dynamics with applications to tyre-generated noise. In 
particular, Kropp [9] used a model of a tyre as a thin ring on an elastic foundation to investigate a tyre 
response to a harmonic force excitation. Pinnington et al [10] derived a wave equation for an infinite 
flattened tyre belt, and considered shear and tension as well as bending. The aim of their work was to 
develop a model to describe the vibration behaviour of tyres over a range of frequencies and investigate 
their noise generation characteristics. Muggleton et al [11] developed a tyre model comprising a central 
tensioned plate supported by two equal side plates. Again, the aim of this paper was to describe the 
behaviour of tyres over a range of frequencies for the purpose of noise prediction. The aim of Perisse’ 
work [12] was to investigate the distribution of tyre vibration energy in front and in the rear of the contact 
patch, again for the purpose of tyre/road noise prediction.  
It can be seen from the above that there are many different approaches to the modelling of tyre dynamic 
properties. This is particularly true for the phenomenon of tyre standing waves that is still not well 
understood in spite of a number of successful predictions of experimentally observed features. So far, no 
one theory gives the preferred approach, which demonstrates that research into this problem is far from 
being finished.  
The aim of the present paper is to model the phenomenon of tyre standing waves using a simplified 
analytical approach based on a one-dimensional infinite tensioned beam on an elastic foundation subjected 
to a constant moving load. The main objective of such modelling is to identify the most important physical 
mechanisms of tyre standing wave generation and to analyse the vehicle critical speed as a function of 
different physical and geometrical parameters of the tyre. The reasons for using this approach are that the 
above-mentioned infinite tensioned beam model, being physically explicit, explains the phenomenon of 
tyre standing waves surprisingly well and has the potential for further development.  
The main novelty in the present paper is the development of a new physically explicit and relatively 
simple analytical theory of tyre standing waves. In particular, the analytical expressions are derived for the 
amplitudes and shapes of generated waves and for the most important parameter characterising the 
phenomenon of tyre standing waves – the vehicle critical speed beyond which the standing waves occur. 
The main constructive idea of this new theory is that generation of tyre standing waves is of the same 
physical nature as generation of Mach waves in acoustics, Cherenkov waves in optics, water waves from 
moving ships, and bow waves in railway tracks, not mentioning others. The latter phenomenon seems to 
be the closest to standing waves in tyres. This is why a beam model has been used in this paper to describe 
generation of tyre standing waves.  
 
2 Model description  
 
To describe generation of tyre standing waves we will employ a simple model comprising a concentrated 
force of constant magnitude  P  moving at constant speed  c  along an infinite tensioned Euler - Bernoulli 
beam resting on an elastic Winkler foundation (see Figure 1). Obviously, the beam represents a tyre belt, 
and the role of the elastic foundation is to describe the effect of tyre side walls. The inclusion of tension  S  
into the beam model is required to describe the tyre tension resulting from the air inflation pressure.  
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Figure 1:  Diagram of an infinite tensioned beam on an elastic foundation  
 
 
Note that a beam without tension resting on an elastic foundation has been used widely for modelling a 
railway track supported by the ground. It is well known that such a model can describe generation of high-
amplitude track bending waves (also known as bow waves) by train wheels moving at constant speed  c  if 
this speed is larger than the so-called minimal phase velocity of track bending waves [13]. Under this 
condition, the generated track bending waves propagate with the same speed  c  and therefore appear to be 
stationary in respect of the contact patch of a moving wheel.  
The main idea to be developed and examined in the present paper is that the phenomenon of tyre standing 
waves is physically very similar to the above-mentioned phenomenon of bow waves in railway tracks. 
However, instead of a static load force applied to a railway track from a moving train wheel, the force 
applied to a rotating tyre belt is represented by a constant ground reaction force transmitted through the 
contact patch that moves along a tyre circumference with the speed  c  of a vehicle. The curvature of a tyre 
belt is assumed to be nonessential from the point of view of tyre standing wave generation and 
propagation. However, the curvature is important for calculation of the tyre belt tension at a given air 
pressure.  
 
2.1 Governing equations  
 
Before considering the above-mentioned model of an infinite tensioned beam on an elastic foundation to 
describe generation of tyre standing waves, let us first recall the well-known equation of an infinite 
elastically supported Euler - Bernoulli beam without tension that is used widely in railway engineering.  
The differential equation describing flexural vibrations of an infinite untensioned beam on an elastic 
foundation subjected to a constant force  P  moving at constant speed  c  has the following form (see e.g. 
[13]):  
)(),(),(2),(),( 2
2
4
4
ctxPtxkv
t
txv
t
txv
x
txvEJ b 


  .                      (1) 
 
Here    is the beam deflection at point  ),( txv x   and time  t,  E  is the Young’s modulus of the beam 
material,  J  is the second moment of area of the beam cross section,     is the beam mass per unit length,  
k  is stiffness of the elastic foundation,  b   is the parameter describing damping in the beam. The right-
hand side of the above equation includes Dirac’s delta-function  (x-ct)  describing a unit concentrated 
force and the force magnitude  P.  
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To model tyre standing waves, which is the aim of the present paper, let us now include the effect of tyre 
tension, in addition to the above-mentioned effect of bending stiffness  EJ.  To do so, we recall the well-
known membrane (string) equation  
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vS
t
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where  S  is the tension force. Comparing Eqn (2) with Eqn (1), one can see that the additional term 
2
2
x
vS 
   should be added to the left-hand side of Eqn (1) to include the tension. This results in the 
following combined differential equation that will be used in further analysis:   
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Note that, although the right hand side of Eqn (3) approximates the ground contact reaction as a 
concentrated force, it is very easy in principle to take into account a real distribution of ground reaction 
forces over the contact patch. This can be done by taking a convolution integral on the product of the 
solution of Eqn (3), representing the tyre Green’s function, and the force distribution. However, this is 
usually unnecessary as the phenomenon of tyre standing waves can be perfectly described using a 
concentrated force (which is also being done in [7]). Also, the effects of tyre rotation have not been 
included into the equation as they are less important than tyre stiffness and tension considered in the above 
model.  
 
2.2 Formal solution  
 
To solve Eqn (3) one can use the same approach that is normally used for the solution of Eqn (1). Namely, 
one can introduce the non-dimensional variable,  )( ctxs   ,  which reflects the fact that its origin 
moves together with the load at uniform speed c.  Here 
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one can arrive from Eqn (3) to the following ordinary differential equation:  
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and we have introduced the two parameters,   ~,~ ,  taking into account the tyre tension:  
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Note that Eqn (5) has the same form as the corresponding ordinary differential equation following from 
Eqn (1) (see [13]), albeit the expressions for the coefficients in Eqn (5) are different. Therefore, the formal 
solution of Eqn (5) in terms of the non-dimensional variable  s  is obtained in the same way as in [13]: 
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where  q  is a variable of integration. The integration in Eqn (13) can be carried out in the complex  q - 
plane by the method of residues, where the poles of the integrand are determined by the roots of the 
denominator  Q(q):  .  04~~8~4)( 224  qiqqqQ 
 
2.3 Critical speed  
 
The analysis of Eqns (6) – (13) shows that different approximate solutions for  v(s)  can be obtained for 
different values of the parameters ~   and ~ .  Here we will be only concerned with the most important 
case of  1~    corresponding to light damping.  For this case, one can consider the following speed 
conditions:  
 
(i)  Sub-critical: 1~  ,  
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 (ii)  Critical:  1~  ,  
 
(iii)  Super-critical: 1~  .  
 
The latter condition, that corresponds to a load motion with a speed  c  larger than the so-called minimal 
phase velocity or critical wave speed of flexural waves in the tensioned beam (tyre), is associated with 
generation of waves propagating along the beam with the speed of the load motion,  c. Using the critical 
speed condition  1~  ,  it is easy to show that the critical speed  ccrit  of a beam (tyre) taking the tension 
into account is  
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where   
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is a critical wave speed in the beam without tension, and  
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Scmem                                                               (16)  
 
is the velocity of membrane (string) waves in the case of pure tension being present.  
Physically, this wave generation mechanism is the same as the one responsible for a sonic boom from 
supersonic aircraft (Mach waves) [14] or for a ground vibration boom for high-speed trains [15, 16]. 
Applied to tyres, this mechanism would imply that tyre waves are generated when the vehicle speed is 
larger than a certain critical speed of the tyre flexural waves. Since these waves propagate along the tyre 
circumference with the velocity of the moving force (acting from the ground at the contact patch), they 
appear for an external observer as stationary, or ‘standing’ waves. This, of course, is not a very precise 
term as the waves are in fact propagating along the tyre perimeter.  
 
2.4 Amplitudes and shapes of generated waves  
 
The solution for  v(s)  can be obtained from Eqn (13) in the form similar to that for a beam without tension 
[13]. It has different forms for s < 0 and s > 0: 
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where for a super-critical speed condition that we are interested in ( 1~  , )  1~ 
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Note that, using Eqn (14), the parameter ~  defined by Eqn (7) can be also expressed as  
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22
memcr cc
c
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3 Results and discussion  
 
3.1  Choice of tyre parameters  
 
In the present paper, most of the required tyre parameters used for example calculations have been 
adopted from the paper of Muggleton et al [11] where they have been determined experimentally. One 
parameter, stiffness of the equivalent elastic foundation that was not measured in [11], has been taken 
from the paper of Kropp [9]. All the parameters used for calculations are shown in Table 1.  
Tyre tension  S  applied to the above-mentioned tensioned beam model has been calculated according to 
the well-known formula  S = pRb  [N]  following from the statics equilibrium condition. Here  p  is the 
tyre air pressure,  R  is the tyre radius and  b  is the tyre belt width. The value of air pressure  p = 206850 
Pa  (or 30 psi) typical for passenger car tyres has been used in most of the calculations. Mass of the tyre 
belt per unit length    has been calculated as   = hb  [kg/m],  where    and  h  are the tyre belt mass 
density and thickness respectively.  The second moment of area  J  has been calculated as  J = h3 b/12  
[m4], and for the non-dimensional beam damping factor    a typical value of 0.2 has been chosen.  
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 Parameter Notation Value Source 
Tyre radius R 0.3 m [11] 
Belt width b 0.2 m [11] 
Belt thickness h 0.016 m [11] 
Young’s modulus E 3107 N/m2 [11] 
Stiffness of foundation k 0.97106 N/m2 [9] 
Mass density  1.2 103 kg/m3 [11] 
Beam damping factor  0.2  
 
 
Table 1:  Tyre parameters used for calculations  
 
 
3.2  Calculated critical velocities and waveforms  
 
For the tyre parameters listed in Table 1, one can calculate:   
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Then, using Eqn (14), one obtains the following value of the tyre critical speed:  
 
22
memcrcrit ccc  = 62.98 m/s      or    226.72 km/h.  
 
This result, being in the range of typical values of critical speeds for high quality passenger car tyres, 
seems to be satisfactory, considering the uncertainty of the tyre parameters used for calculations and 
simplicity of the model at this stage of development. In particular, it is of a comparable magnitude to the 
expected critical speed of a particular radial tyre [11] used for the above calculations, which is speculated 
to be between 200 km/h and 250 km/h.  Unfortunately, no precise critical speed information was available 
for the particular tyre in question.  
Figure 2 illustrates a typical form of tyre standing wave calculated using Eqns (17) – (21) for the 
parameters mentioned in Table 1 and for the load (vehicle) speed of 98 m/s or 352.8 km/h, which 
corresponds to the supercritical speed condition: 556.1~  . It can be seen that a tyre standing wave is 
generated mainly at the trailing edge of the contact patch (for s < 0)  (with only small ripples present at the 
leading edge (for s > 0)), and it attenuates quickly with the distance from the contact patch.  
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Figure 2:  Calculated form of a tyre standing wave generated at super-critical 
speed condition  
 
 
To illustrate the generated standing waves more explicitly, using a real dimension of tyre circumference, a 
calculated polar plot is shown in Figure 3. The similarity of this plot to standing wave forms observed in 
tyres is quite obvious. In particular, Figure 3 can be compared with the experimental standing waveforms 
observed by Chatterjee et al [4]. Many similarities can be identified, including the waveform, the order of 
wave magnitude and the effect of wave attenuation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
X = 0 
 
Figure 3:  Polar plot illustrating the standing waveform on a tyre circumference  
 
 
The effect of vehicle speed on generated waveforms at supercritical speed condition is illustrated in Figure 
4 for the values of vehicle speed of 98 m/s (352.8 km/h), 120 m/s (432 km/h) and 142 m/s (511.2 km/h). It 
can be seen that for larger vehicle speeds the spatial period of oscillations increases, whereas the 
waveform amplitude decreases. This is in line with the results of Padovan [7] obtained using the resonance 
approach and in agreement with numerous experimental observations.  
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Figure 4:  Calculated forms of a tyre standing wave for different values of 
vehicle super-critical speed:  352.8 km/h (solid line), 432 km/h 
(dashed line), and 511.2 km/h (dotted line)  
 
 
3.3  Effects of different tyre parameters on critical speed  
 
To validate the tensioned beam model of tyre standing waves developed in the previous sections it is 
important to understand its behaviour for variable tyre parameters. This section deals with variations of 
some of the parameters reflecting actual operating conditions as well as changes with a tyre throughout its 
life and describes their effects on the critical speed.  
 
3.3.1  Effect of tyre pressure on critical speed  
 
Increasing the tyre pressure  p  is essentially the same as increasing the tyre belt tension  S  due to the 
above-mentioned linear relationship between the tyre pressure and the tyre tension: S = pRb.  Figure 5 
shows how the critical speed varies with pressure for the tyre parameters shown in Table 1.  
 
 
0 5 104 1 105 1.5 105 2 105 2.5 105 3 105 3.5 105 4 105
50
100
150
200
250
300
350
Tyre p ressure  (Pa)
C
rit
ic
al
 s
pe
ed
  (
km
/h
)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:  Critical speed  Ccrit  as a function of tyre pressure  
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Note that the tension term in Eqn (14) is dominant for the tyre parameters given in Table 1. The 
contributions of the elastic foundation stiffness and of the tread belt bending stiffness to the critical speed 
are relatively small.  
It should be also noted that in the tensioned beam model of a tyre considered in this paper it was assumed 
for simplicity that the stiffness of the equivalent elastic foundation, describing the reaction of the tyre side 
walls, does not alter with the air pressure. The air pressure in a tyre, however, does effect the stiffness of 
the equivalent elastic foundation, as well as the tension. This is a drawback of the model that could be 
mitigated in a future work.  
 
3.3.2  Effect of tread thickness on critical speed  
 
This part of the analysis relates to the wear that occurs under the normal working life of the tyre and 
results in reduction of the belt thickness. Figure 6 shows how the model predicts the critical speed for 
varying thickness (depth) of a tread belt.  
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Figure 6:  Velocities Ccrit  (solid line), Cmem  (dashed line) and Ccr  (dashed line 
with wider gaps) as functions of tread thickness  
 
 
It is seen from Figure 6 that as the tread thickness decreases the critical speed of wave propagation 
increases. The reason for this is that for medium and small values of tread thickness the tension term is 
dominant and is dependent upon the mass per unit length of the belt  μ. Decreasing the thickness of the 
belt reduces the mass per unit length, thus increasing the membrane wave propagation velocity. In effect, 
the tyre belt tends towards a membrane as the tread thickness decreases.  
Figure 6 also demonstrates how both constituents of the critical speed in Eqn (14) are affected by the 
change in tread thickness. One can see that the membrane term is indeed dominant for small and medium 
values of thickness, but as the tread depth increases the beam bending stiffness has more of an influence 
due to the effect of the second moment of area  J.  This is due to the fact that the mass per unit length, μ, 
has a linear relationship with the depth of the tread, h, whilst the second moment of area, J, is governed by 
a third order relationship with the depth, which makes it more influential for larger h.  Note that for very 
large values of tyre thickness (above about 0.044 m), that are beyond the range typical for real car tyres, 
the beam bending stiffness term becomes dominant and the resulting critical speed becomes almost 
independent of the belt thickness.  
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In practical terms the above results mean that if a driver were to neglect the maintenance of the tyres and 
the tread were to decrease in depth due to wear, then the critical speed of the tyre would increase, thus 
reducing the risk of tyre waves to occur. Taking the onset of tyre standing wave generation as the only 
concern, then ignoring tyre wear is clearly not as important as maintaining air pressure.  
 
4  Conclusions  
 
The main conclusion following from this paper is that the infinite tensioned beam theory of tyre standing 
waves gives a clear physical explanation of the wave generation mechanism. The main idea of this new 
theory is that generation of tyre standing waves is of the same physical nature as generation of Mach 
waves in acoustics, Cherenkov waves in optics, water waves from moving ships, and bow waves in 
railway tracks, not mentioning others. The developed theory proves to be a good approximation to the real 
phenomenon, with the potential for improvements in a number of areas.  
The model shows a close physical likeness of the predicted waveforms to the ones observed in 
experiments. Considering the model’s simplicity and the fact that some of the tyre parameters used for 
calculations may be not very precise, the results of the critical speed prediction give the right order of 
magnitude.  
The precision of the results for tyre critical speeds can be further improved by interpreting the values of 
the model parameters more adequately. In particular, the mass per unit length,  μ.,  is the most likely 
parameter to be wrong, and it has a large effect on the results. Another parameter that could be re-
examined is stiffness of the equivalent elastic foundation  k, in particular its dependence on tyre pressure 
that has been ignored in this study. There is a potential for future work to quantify these parameters more 
accurately.  
Among other effects that could be considered in order to improve the accuracy of the prediction are the 
effect of rotational velocity on the belt tension and the effect of non-linear elasticity associated with tyre 
loading.  
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